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Abstract 
There is no doubt that experimental measurement is the best way to obtain accurate valuable information of the 
behaviour of a system. However, theoretical approach or simulation modeling can have many advantages over 
experiment, as we can predict easily (and up to an acceptable accuracy) the performance of systems under varying 
climatic conditions,  design parameters, and operating conditions in a very short time compared to experiments. In 
addition, simulation models can be used for designing purposes and in optimizing the various design parameters of 
the systems, without the need of very expensive test rigs equipped with accurate instruments. 
 
Recently, there are a number of computer programs that have been developed and are commercially available for 
use in the design, optimization, and evaluation of thermal performance of solar water heating systems. TRNSYS, 
PolySun, MINSUN, WATSUN, and T*sol, are among the best software available commercially. 
 
The present paper attempts to test how accurate TRNSYS simulation program can be in simulating different 
configuration of forced circulation solar water heating systems, and to inspect the most prominent parameters that 
affect the discrepancy between simulation and experiment. Preliminary experiments showed that there was a 
discrepancy which has most likely come as a result of the position of the temperature sensors controlling the 
circulation of the pump. 
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1. Introduction 
Solar water heater are thermal systems used to gather solar radiation and produce heat (hot water) at 
low temperature, normally less than 100 oC. Such systems can nowadays be found in the market, and are 
normally classified under two different categories: active (Forced circulation) systems, and passive 
(Thermo-syphon) systems. 
Thermo-syphon systems are the most commonly used in domestic applications, where the demand for 
hot water is not too large. However, in cold regions and where the demand is too large, a thermo-syphon 
system may not be the best option. Forced circulation systems are most appropriate for large applications 
in regions with low ambient temperatures. These systems consist of a number of solar collectors (flat 
plate, selective-surface or sometimes evacuated-tubes) connected to thermal storage tank by connecting 
pipes. Circulation pump, and other essential components such as pump control system, safety and relief 
pressure valves are also required. These systems do not require the tank to be installed above the outlet of 
collectors, and therefore can be set inside the house. These systems have better performance than thermo-
syphon systems, but they are more expensive. 
Flat plate collectors have been used in solar water heaters for a long time before the turn of the last 
century when China have started to manufacture evacuated tube collectors on a large scale for use in solar 
thermal applications. Since then evacuated tube collectors have become the most installed systems [1]. 
The thermal performance of solar collectors has been subjected to many theoretical and experimental 
studies. Dynamic simulation models that describe the time dependent spatial temperature distribution in a 
flat plate solar collector with different configurations are studied by many authors [2,3,4,5]. These 
improved models were based on the very widely well know one dimensional model of Duffie and 
Beckman [6]. 
In domestic solar water heating, the key function of the storage tank is to store sensible thermal 
energy gained by the solar collector during the period of insolation for use by the household at any time. 
This can be achieved effectively by choosing the appropriate tank volume, tank configuration, and the 
maintenance of a good thermal stratification of the water inside the tank. Maintaining thermal 
stratification is very important to both the performance of the collector and the supply of hot water. 
 The effect of stratification on the system performance has been studied by many investigators. Close 
[7] proposed a one-dimensional stratified tank model. The model is validated by Cabelli [8], via his two-
dimensional stratified tank model. Misra [9] developed a simple transient thermal model for stratified 
tanks. The model has been validated by data obtained experimentally, and a good agreement between 
theoretical and experimental results has been obtained. 
Many studies of stratified storage tanks have also been conducted as part of solar domestic hot water 
system simulation studies. Oliveski et al. [10] have compared different simulation models for hot water 
systems. They have modelled and experimentally validated a two-dimensional model for a stratified tank, 
and they have used it as a base for the comparison with one-dimensional models. A number of one-
dimensional models including TRNSYS tank models have been examined. The results of comparison 
showed that one dimensional models with computational artifices [“ i.e. procedures that examine at each 
time step the distribution of the temperature and, in case of finding hotter water layer under cooler layer, 
it artificially mix or interchange the layer of water”, such as TRNSYS model (Type 38)] give very 
reliable results. Moreover, one-dimensional models are faster and easier to be implemented. 
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2. Experimental Work 
In this study, the experimental work was carried out at the Center for Solar Energy Research and 
Studies in Tajoura. The system used for experimental work consists of: a number of four evacuated tube 
collectors connected in series (DRC10 from AMK-Collectra AG), connecting pipes, pumping 
components, data logger equipped with required measuring sensors, expansion tank, and storage tank as 
shown in Figure 1. The experiments were carried out under various operating conditions in order to obtain 
different results for comparison and validation of the theatrical models used, mainly that of the TRNSYS 
simulation programs. The work is aimed at identifying the accuracy of the software in simulating the 
forced circulation solar water heaters at various weather and operating conditions. The weather conditions 
have been taken into account by testing the system at different days. The operating conditions of the 
system affecting the thermal performance which have been considered in this study include; the daily 
quantity of hot water withdrawn from the system, the load pattern, and the temperature of the hot water 
withdrawn. 
 
Fig. 1: Experimental test rig 
For this purpose a number of parameters were measured in these experiments. The measured 
parameters are: inlet and outlet temperature of the water entering and exiting the storage tank, outlet 
temperature from the collector, water temperature return from the tank, global, tilted, and diffuse solar 
irradiance, wind speed and relative humidity, ambient temperature, and water flow rate. 
The following instruments are used for the experiment: data logger to collect data every five minutes, 
Pt-100 resistance thermometers for water temperature, turbine flow meter (Aqua-meter) for water flow 
rate, And kipp and zonan pyranometers for solar radiation measurements. 
 
3. Simulation Model and System Description 
The software selected to model the solar thermal system is TRNSYS, developed by Solar Energy 
Laboratory of the University Wisconsin. It is a complete and extensible simulation environment designed 
to simulate the transient performance of thermal energy systems. TRNSYS is used by engineers and 
researchers around the world to validate new energy concepts, from simple domestic hot water systems to 
the design and simulation of buildings and their related objects, including control strategies, occupant 
behavior, alternative energy systems, such as; wind, solar, photovoltaic, and hydrogen systems. It has the 
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capability of modeling and interconnecting system components, of solving the corresponding differential 
equations, and of facilitating information output. The entire problem of the system simulation reduces to a 
problem of identifying all the components that comprise the particular system and formulating a general 
mathematical description of each. To supplement the available components in the TRNSYS library, users 
can also use a basic component format to model their own new components either as a performance table 
or as a FORTRAN program. In this study, the solar water heating system model has been developed using 
transient systems simulation (TRNSYS) software, which is a quasi-steady state simulation program. 
The main components of the model are the Evacuated Tube Solar Collectors, (type 538). Additional 
components to the model include: Type 38 thermal storage tank, Radiation Processors" (Type 16), Data 
Readers (Type 9), Type 31 pipe duct, , Type 2b differential temperature controller, Type 3 circulating 
pump, and type 14 Load Profile used in the TRNSYS model. The solar system is located in Tripoli at 
latitude of 32° 815' N and longitude of 13.0° 438'E. The collectors used in this study were installed on the 
ground at a tilted steel frame so that the tilt angle of the collectors are 45°  and faced to south (azimuth 
angle = 0). The Evacuated Tube Solar Collector system consisted of 4 collectors each with an aperture 
area of 1.774 m2 connected in series array configuration. Each collector had a maximum operating and 
stagnation temperatures of 184° C with a maximum operating pressure of 10 bars. A 300 L insulated 
thermal storage tank is installed horizontally. The solar loop is directly connected with the thermal 
storage tank without heat exchanger in the tank. A booster pump is used to circulate the water in the solar 
loop.  Table 1 gives values of parameters of the main components of the system. 
Table 1: Parameters of the main components of the system 
Parameter Unit Value 
Total collector aperture area m2 6.976 
Fluid specific heat kJ/(kg.K) 4.19 
Intercept efficiency - 0.569 
1st order loss coefficient kJ/(hr.m2.K) 3.1104 
2nd order loss coefficient kJ/(hr.m2.K2) 0.1224 
Collector slope degree 45 
Actual tank size Liter 282 
Overall heat loss coefficient W/K 1.99 
Pump flow rate Liter/min 1 - 20 
Pipe length of collector inlet m 3.5 
Pipe length of collector outlet m 4.0 
4. Simulation 
The real system under investigation is implemented in the TRNSYS simulation program to be run 
under the same weather data and operating conditions. The TRNSYS components of solar water heating 
system are represented in Figure 2. 
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Figure 2: schematic diagram of the simulation program 
5. Results and Discussion 
Six consecutive days of experiment started from 20th of May to 25th of May 2013 are used in this 
validation study. All the results obtained were for an open loop system. The results of the experiments 
and simulation are summarized in the following sub-sections. 
5.1. Weather and operating data 
The weather and operating data during the days of the experiment are edited in the data reader (Type 
9) and used for the system simulation and validation. In this work, a simple hot water load pattern that 
thought will give relatively the most accurate results is used. One draw-off at the end of the day (nearly at 
sun set), and another at early morning (before sun rise) to define the water initial temperature in the tank. 
Figure 3 gives the general hot water load pattern used in this study, the real load patterns have little 
difference in the quantity of water discharge from one day to another. 
Global and diffuse solar radiations on horizontal and tilted surfaces were measured with a frequency 
of 5 minutes. However, TRNSYS components don’t use global radiation on tilted surfaces, it uses 
components of radiation on tilted surfaces calculated from the radiation processor (Type 16) based on 
different models to be selected according to the information provided. In this study, horizontal radiation 
mode 5 and Perez model (mode 4) is used to calculate radiation on tilted surfaces.  
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Figure 3: General hot water load pattern used in the experiment 
 
 
Figure 4: measured and simulated tilted solar radiation on the surface (25-06-2013) 
The discrepancy between measured and calculated values is shown in Figure 4. The maximum 
discrepancy in the predicted total radiation per day from the measured values was less than 13% as shown 
in Table 2.  
Table 2 shows that the numerical discrepancy is less than 3% at the highest solar insolation and 
lowest value of diffuse radiation (clear sky, diffuse radiation is about 2.25% of the total in this case). The 
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radiation model predicted high values of diffuse solar radiation at low solar insolation, as shown during 
the 21st. day in the table. This is perhaps an exceptional day, as radiation models are based on average 
values for a number of years. 
Table 2: Errors on measured and simulated tilted solar radiation 
Day 
Ht(sim) 
kWh/m2 
Ht(exp) 
kWh/m2 Hd/H Err (%) 
20 4.09 4.43 0.58 7.58 
21 2.50 2.78 0.89 9.97 
22 4.36 4.82 0.77 9.57 
23 5.22 5.95 0.47 12.35 
24 7.35 7.14 0.16 -2.98 
25 7.17 7.09 0.29 -1.15 
5.2. Collector outlet and return temperature 
The outlet and return temperatures of collector array are measured during the experiment, and are 
compared with the simulated values as shown in Figures 5 and 6 respectively, and the discrepancies of 
whole examined days of the experiment are listed in Table 3. A good agreement is obtained with 
discrepancies ranging from 6 to 20% for collector return temperature, and from 8.5 to 23% for outlet 
temperature. 
 
Figure 5: a comparsion between measured and simulated outlet collector tempertaure (25-06-2013) 
5.3. System Energy delivered 
The simulated tempertaure of the hot water witdrawn according to the load pattern displayed in 
Figure 2 is compared with the measured values as shown in Figure 7. A satisfactory agreemnet between 
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both values is obtained. The discrpencies between the simulated and measured values are most likely 
attributed to the mixing of water inside the tank. 
 
Figure 6: a comparsion between measured and simulated return collector tempertaure (25-06-2013) 
In Figure 8, the accumalted measured energy is compared with the simulation results, a satisfied 
agreemet is obtained with an average error of less than 20.5% as listed in Table 4. 
 
 
Figure 7: Comparsion of the simulated and measured load tempertaure (25-06-2013). 
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Table 3: discrepancies in collector temperatures 
Days Discrepancy in predicting collector return temp % 
Discrepancy in predicting 
collector outlet temp % 
20 19.34 15.37 
21 6.01 9.20 
22 11.12 10.07 
23 11.59 23.13 
24 17.25 14.58 
25 6.50 8.57 
Avg. 11.97 13.49 
 
 
Figure 8: Comparsion of the simulated and measured accumlated energy (25-06-2013). 
 
Table 4: Discrepancies in collector accumulated energies 
 
 
 
 
 
 
 
 
 
 
Day Q(exp)  kJ Q(sim) kJ Err % 
20 15.53 13.29 14.4 
21 11.75 8.90 24.2 
22 15.11 15.30 1.3 
23 21.73 14.93 31.3 
24 27.96 22.68 18.9 
25 34.51 23.59 31.6 
Average error 20.3% 
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6. Conclusion 
Experimental work for six days on forced circulation solar water heating system with four vacuum 
tubes collectors connected in series and storage tank with 200 liters fitted with the necessary instruments 
is carried out. The system was open loop with no heat exchanger. The same system specifications and 
weather and operating conditions are implemented in the TRNSYS simulation program for the purpose of 
validation and determine the accuracy of the software.  
The results have shown that TRNSYS simulation program gives satisfactory prediction compared 
with the experiment. The discrepancy between prediction and experimental values in the daily energy 
collected from the system was less than 20.2%, whereas the discrepancies incurred in predicting the hot 
water outlet temperature is less than 16%. The vacuum tubes collector model in TRNSYS gives 
prediction results to accuracy better than 13.5%. 
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